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ABSTRACT
Ferroelectric tin hypothiodiphosphate (Sn2 P2 S6 ) crystals are well-known for their significant piezoelectric, electro-optic, and nonlinear
optical properties. These crystals have usually been grown by a vapor transport technique. We report in this paper on the first study of photorefractive nonlinearity in Sn2 P2 S6 crystals grown by the Bridgman method. Pronounced photorefraction is observed in the near-infrared
region of the spectrum even with no preliminary optical sensitizing.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5143204

I. INTRODUCTION
Tin hypothiodiphosphate (Sn2 P2 S6 , often referred to as SPS)
is a versatile ferroelectric crystal1,2 with excellent piezoelectric,3
pyroelectric,4 and electro-optic5–7 properties, as well as moderate
nonlinear optical χ(2) and χ (3) coefficients.8–10 The most distinguishing feature of these crystals is, however, a pronounced photorefractive effect caused by a spatial redistribution of photoexcited
charge carriers and index modulation via the Pockels effect from a
static space charge field (see, e.g., Ref. 11 for a comprehensive
review).
Most often, starting with the pioneering publications describing the first SPS synthesis,12,13 the chemical vapor transport (CVT)
technique has been used to grow SPS crystals. We refer to these
crystals as CVT-grown in the remainder of this paper. These
CVT-grown crystals often have an irregular shape resembling solidified liquid droplets, with no visible link to the orientation of the
crystallographic axes. Also, the sample size (i.e., volume) of these
crystals usually does not exceed a few cm3 , as it is limited by the
diameter of the quartz containment tube used in the growth. The
alternative Bridgman growth technique14,15 ensures faster growth
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and allows cylindrical crystal boules to be produced with controlled
orientation of the growth axes, imposed by the small seed crystal
used to initiate growth. This reduces material waste when fabricating samples with desired orientation and size. The Bridgman
method permits better control of the stoichiometry of the SPS crystals and their electric conductivity is several orders of magnitude
smaller, when compared to CVT-grown crystals. The Bridgman
technique is also expected to allow better control of the impurity
content of the SPS crystals.
This paper represents the first report, to the best of our
knowledge, of recording dynamic photorefractive gratings in
Bridgman-grown SPS crystals. A complete characterization of their
photorefractive properties is given, thus establishing the potential
of this material for nonlinear wave mixing, phase conjugation, and
design of coherent optical oscillators. We find that these crystals
are well suited for near-infrared (NIR) dynamic holography at
1 μm wavelength and, most probably, down to 0.8 μm.
The crystals investigated in this work were grown for studies
of their ferroelectric properties, and no special efforts were taken to
control the impurities and the optical quality. As both these factors
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are crucially important for photorefractive grating recording, we
use electron paramagnetic resonance (EPR) to search for possible
unintentional dopants and we monitor the optical homogeneity.
The paper is organized as follows. First, we describe in Sec. II
the results of our experiments characterizing the linear properties
of the Bridgman-grown sample. Optical absorption spectra are
acquired in the visible and near-infrared domain and the EPR technique is used to identify extrinsic and intrinsic defects that could
be involved in excitation of free charge carriers or that might serve
as charge traps if they are empty. Then, in Sec. III, the photorefractive properties are described, as determined from the dynamic and
steady-state characteristics of the recorded refractive index gratings.
Finally, the results are discussed in Sec. IV.
II. OPTICAL AND EPR CHARACTERIZATION
A z-cut sample of Bridgman-grown Sn2 P2 S6 with dimensions
3:88  4:26  2:05 mm3 and optically finished faces was used for
measurements. Transmission spectra from this sample are shown
in Fig. 1(a) for x-polarized and y-polarized incident light. The
dashed lines show, for comparison, the data from an identically cut
9-mm-thick sample of nominally undoped CVT-grown SPS.
A pronounced shift to longer wavelength of the on-set of
absorption is clearly seen in the Bridgman-grown sample. From a
practical point of view, this effect is promising for extending the
photorefractive sensitivity of these crystals to the NIR spectral
region.16–18 For wavelengths longer than 850 nm, the absorption is
greater than in nominally undoped samples, but remains below
1 cm1 (at a level still useful for photorefractive applications).
It may be that the abovementioned shift in absorption points
to sample contamination with unknown impurities. To check this
last possibility, a preliminary examination was conducted using
EPR spectroscopy. The EPR technique, with its high sensitivity and
high resolution, has proven to be a useful tool for identifying and
characterizing point defects in SPS crystals. Extrinsic defects, such
as Mn2þ and Sb2þ impurities,19,20 and intrinsic defects, such as S
vacancies and Sn vacancies,21,22 have been studied in detail with
EPR. This technique gave, for example, detailed information on the
Sb3þ position in the SPS lattice20 and on the thermal activation
energy23 for recharging Sb3þ ! Sb2þ , which suggested a new
model24 of the Sb2þ involvement in the formation of a secondary
grating (compensation slow grating) in antimony-doped SPS.
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With the exception of the Mn2þ ions,19 all of the reported
EPR-active defects in SPS became paramagnetic only after recharging via exposure to light with an appropriately chosen wavelength.
We note that all of these EPR signatures are normally observed at
low temperatures. These are also the behaviors found in our
Bridgman-grown SPS crystal. Here, the EPR spectra obtained after
or during exposure at 32 K to He–Ne laser light (633 nm) show the
unique sets of hyperfine lines for Sb2þ and (Sb-VSn )0 centers.
Characteristic lines from Sn vacancies and S vacancies also are
clearly seen with 633 nm exposure in the Bridgman-grown crystal.
Assignments of specific EPR lines to particular defects have been
done previously for CVT-grown SPS, and the details can be found
in published papers.20–22
In view of the Bridgman-grown optical absorption spectrum
extending into the NIR region in Fig. 1, a search was made for EPR
signals produced during (or after) an illumination with 1064 nm
light from a cw Nd:YAG laser. As shown in Fig. 2, this longer
wavelength excitation revealed several EPR signals. We expect that
these defects are likely involved in the space charge formation with
infrared recording light.
The two distinctly different spectra in Fig. 2 were both taken
at 24 K with the same spectrometer settings (microwave power,
modulation amplitude, and signal gain). The spectrum in Fig. 2(a)
was acquired after cooling in the dark and then illuminating the
Bridgman-grown sample at 24 K with 1064 nm light (the light was
left on during the data acquisition). The spectrum in Fig. 2(b) was
then acquired after blocking the 1064 nm laser light, heating the
sample to 40 K and holding at that temperature for several
minutes, and subsequently cooling the sample back to 24 K in the
dark. The defect responsible for the spectrum in Fig. 2(a) is tentatively assigned to a self-trapped electron, i.e., an electron-like small
polaron (Snþ ) formed when the electron is localized on a Sn2þ ion
in an otherwise perfect region of the crystal. This EPR spectrum
has not been previously reported. In this spectrum, the two less
intense lines, located on either side of the large centerline and separated by 27 mT, are hyperfine interactions of the unpaired spin
with 117 Sn and 119 Sn nuclei. These hyperfine lines have a pronounced angular dependence (i.e., their separation varies by more
than a factor of two as the direction of the magnetic field is rotated
from the a to b to c directions in the crystal). This indicates that
the unpaired spin occupies a p orbital on the Sn and is consistent
with the 5s2 5p1 configuration of a Snþ ion. The defect responsible

FIG. 1. Transmission (a) and absorption (b) spectra from the Bridgmangrown SPS sample (solid lines) and
the CVT-grown nominally undoped
sample (dashed lines) for light polarized along the x axis (black) and the y
axis (red).
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lines between 200 and 500 mT. The (Sb-VSn )0 spectrum did not
change its intensity when the light was removed and the crystal was
warmed to 40 K and then returned to 24 K. Although an earlier
illumination with 633 nm laser light showed that Sb3þ ions and Sn
vacancies are present in the Bridgman-grown crystal,20,23 they were
not converted to a paramagnetic charge state at 24 K by the
1064 nm laser light. Our EPR results, together with photorefractive
characterization data described in Sec. III, suggest a possible picture
of consecutive events that result in space charge formation. This
will be described in Sec. IV.
A simple test of sample optical quality consisted of taking
images of the crystal cross section with a camera focused at different depths in the sample. The recorded intensity distributions were
not ideally uniform, with the typical size of inhomogeneities being
fractions of a millimeter. These low spatial frequency optical
defects could certainly affect the quality of images reconstructed
from image bearing holograms. They were not an obstacle,
however, for photorefractive characterization of this new material
because the recorded gratings have always higher spatial frequencies, with typical grating spacings below 10 μm.
III. PHOTOREFRACTIVE CHARACTERIZATION

FIG. 2. EPR spectra from the Bridgman SPS crystal, taken at 24 K during and
after exposure to 1064 nm laser light. The microwave frequency is 9.385 GHz
and the magnetic field is aligned along the a axis. Smaller lines either side of
the main lines are hyperfine from 117 Sn and 119 Sn nuclei. (a) The upper spectrum is tentatively assigned to the electron-like small polaron (i.e., a self-trapped
electron). (b) The lower spectrum is due to singly ionized sulfur vacancies.21

for the spectrum in Fig. 2(b) is the singly ionized sulfur vacancy
and was reported earlier.21 The two pairs of less intense lines separated by 31 and 49 mT in this spectrum have been assigned to
nearly isotropic 117 Sn and 119 Sn interactions with nuclei at two
neighboring Sn sites.
When the 1064 nm laser light was first turned on with the
crystal already at 24 K, the sulfur vacancy quickly appeared. But
within a few seconds as the light remained on the crystal, the
electron-like small polaron spectrum appeared and grew in intensity as the sulfur vacancy spectrum decreased. After about 30
seconds, the sulfur vacancy could no longer be seen and the
electron-like small polaron had reached its maximum intensity
[which is shown in Fig. 2(a)]. Then, the laser light was removed
and the crystal was warmed to 40 K. Keeping the light off, the
crystal was returned to 24 K and the spectrum in Fig. 2(b) was
taken. The warming to 40 K caused the electron-like small
polaron to disappear and the singly ionized sulfur vacancy to
appear. This suggests that nearly all of the electrons thermally
released from the small polarons were immediately trapped at
sulfur vacancies.
The initial exposure of the sample at 24 K to 1064 nm laser
light also produced an EPR spectrum (not shown in Fig. 2) due to
trapped holes adjacent to a complex consisting of a Sn vacancy
next to a Sb3þ ion. This (Sb-VSn )0 spectrum25 consists of many
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A two-beam coupling technique16 is used to study the recording dynamics and steady-state characteristics of the photorefractive
gratings in the Bridgman-grown SPS crystals. The samples are
poled to a single-domain state with the standard procedure:11 they
are heated above the Curie temperature (≃100  C), held at this
temperature for 2–3 h and then cooled to room temperature with
an electric field (≃600 V/cm) applied along the polar x axis of the
sample.
The cw TEM00 output of a diode-pumped Nd:YAG laser
(λ ¼ 1064 nm, output power up to 500 mW) is split into two
beams which impinged upon the SPS sample face in a plane parallel to the x axis (close to the axis of spontaneous polarization).
Both beams are loosely focused so that the total light intensity in
the sample can reach 100 W/cm2 . The bisector of the angle
between the interacting beams is normal to the x axis. Both beams
are linearly polarized roughly along the x axis such that the largest
component r111 (= 174 pm/V) of the SPS Pockels tensor5,6 is
involved in beam coupling caused by self-diffraction from the space
charge grating. The intensity ratio of the pump Ip and signal Is
waves is 1000:1. The output intensity of the signal beam is monitored with an optical detector and recorded with a PC controlled
data acquisition system.
Figure 3 shows a typical example of the temporal variation of
the output signal beam intensity Is (t), normalized to its initial
value Is0 in absence of the pump wave, after switching on the strong
pump wave at the moment t = 0. At first, the signal intensity
increases 1.6 times within a fraction of a second, but then it decays
within a few hundreds of seconds to the saturation level which is
only 1.15 times larger than that without pump wave. The reason
for this incomplete compensation is discussed below [see Eq. (3)
and Fig. 6]. It is important that before each measurement of the
dynamics, like that shown in Fig. 3, the sample was pre-exposed to
the pump wave only for ≃1 min. The sequence of events was: (i)
switch off the pump wave, (ii) turn on the signal wave (to establish
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been performed when varying other experimental parameters,
the overall intensity of the recording light I0 , and spatial frequency
of the recorded grating K ¼ 2π=Λ. The grating spacing is
Λ ¼ λ=2sin(θ=2), where θ is the full angle between the recording
beams in air.
Figures 4(a) and 4(b) show the intensity dependence of the
reciprocal decay times 1/τ f and 1/τ s , respectively. A linear dependence 1/τ f / (aI0 þ b) is expected in the case of a noticeable contribution of dark conductivity σ d to the dielectric relaxation time
τ di ¼ (ϵϵ0 )=(σ ph þ σ d ), as well as a dominating photoconductivity
σ ph ,26,27

FIG. 3. Temporal dynamics of a weak beam intensity that demonstrates its
amplification as a result of two-beam coupling in the Bridgman-grown SPS
sample. Recording light wavelength λ ¼ 1:06 μm and grating spacing
Λ ¼ 3:5 μm.

a reference starting value), and (iii) start recording the grating with
both waves on (this all occurs within a time interval that is less
than 1 s).
With rare exception, this type of beam coupling dynamics is
typical for all other SPS crystals, deliberately doped and nominally
undoped.11 It is explained by the formation of two out-of-phase
space charge gratings created by movable charge carriers of different signs: the fast grating is formed by photoexcited holes, while
the slow compensating grating is attributed to the spatial redistribution of the thermally excited electrons.11,24
To quantify the intensity variations that are due to the beam
coupling, the gain factor is usually introduced Γ ≃ (1=‘) ln (Is =Is0 )
for Ip  Is . For the case of SPS, the gain factor consists of two
components,
Γ(t) ¼ Γf [1  exp(t=τ f )]  Γs [1  exp(t=τ s )]:

(1)

By fitting the experimentally measured dynamics with Eq. (1), the
fast τ f and slow τ s characteristic times can be extracted from data
similar to what are shown in Fig. 3. This is also done for the saturation values of the gain factors, Γf for the fast build-up and Γs for
the slow compensation components.16 Such data treatment has

1 σ ph þ σ d 1 þ K 2 Rp 2 κI0 þ σ d 1 þ K 2 Rp 2
¼

¼

:
τf
ϵϵ0
ϵϵ0
1 þ K 2 ‘D 2
1 þ K 2 ‘D 2

(2)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
In this equation, ‘D ¼ μτ c kB T=e and Rp ¼ ϵϵ0 kB T=Nt e2
are the diffusion length and Debye screening length for photoexcited holes with μ being the photoexcited hole mobility, τ c
the photoexcited hole lifetime, Nt the effective hole traps density,
kB the Boltzmann constant, e the electron charge, and T the
absolute temperature. The spatial frequency K ¼ 2π=Λ of the
grating is related to the grating spacing Λ ¼ λ=(2 sin θ=2), for
light with wavelength λ and full crossing angle between the
recording beams θ.
The lack of an intensity dependence for τ s , in Fig. 4(b), confirms that the formation of the compensating grating occurs via
thermally excited charge carriers. This allows us to conclude that
the increase of intensity does not lead to significant sample
heating. A similar behavior is known for nominally undoped
CVT-grown SPS crystals11 and also for other photorefractive crystals with two types of movable charge carriers, such as aluminumdoped bismuth titanium oxide.28
Figure 5 shows the dependence on grating spacing of the gain
factors and reciprocal decay times for the fast grating and slow
grating. The results in Figs. 5(a) and 5(c) clearly show the space
charge field limitation, which is due to an insufficient density of
traps for photoexcited carriers Nt , and a limited concentration of
thermally excited carriers H0 , which are responsible for the development of the compensation grating, respectively. These experimental dependences for Γf and Γs can be fitted using the
expressions calculated in Ref. 27 for the amplitudes E f ,s of the fast

FIG. 4. Intensity dependences of (a)
the reciprocal build-up time 1/τ f and (b)
the reciprocal compensation time 1/τ s .
These results were extracted from
two-beam coupling dynamics; grating
spacing Λ ¼ 7 μm.
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FIG. 5. Gain factor of (a) fast and (c)
slow components vs grating spacing,
and reciprocal (b) fast and (d) slow
times vs squared inverse grating
spacing. The total light intensity
I0 ¼ 40 W/cm2 for (a), (c), and (d).
The inverse time of the fast component
in (b) is normalized to total light intensity to plot the intensity independent
data.

and slow components of the space charge field,
Γf / Ef /

K
,
1 þ K 2 Rp 2

Γs / Es /

K
,
(1 þ K 2 Rp 2 )(1 þ K 2 RH 2 þ RH 2 =Rp 2 )

(3)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where RH ¼ (ϵϵ0 kB T=H0 e2 ) is the Debye screening length for
electrons. If RH is sufficiently high, the amplitude of the slow
grating is smaller than that of the fast grating and compensation is
incomplete, i.e., the steady-state gain is nonzero [see Eq. (1) and
Fig. 3].
The fitting procedure mentioned above allows us to extract
values for the screening radii, 2πRp ≃ 3:5 μm and 2πRH ≃ 2:2 μm,

and
to
estimate
the
effective
hole
trap
density,
and
the
free
electron
density,
Nt ≃ 1:1  1015 cm3 ,
H0 ≃ 2:6  1015 cm3 . It is important to take into account that the
above estimate for Nt is valid for the total light intensity 40 W/cm2 .
We show in what follows that the charge screening in Bridgman-grown
SPS is affected by the recording light because the effective trap density
Nt is intensity dependent. In this respect, the Bridgman-grown crystals
are similar to CVT-grown Type I nominally undoped,29 Pb-doped,30
and Sb-doped31 crystals.
Figure 6 shows how the fast and slow components of the gain
factor depend on the total intensity of the recording beam for two
grating spacings, 2:7 μm and 7:0 μm. In both cases, the increase of
the gain factors with growing intensity is seen; it is more pronounced, however, for smaller fringe spacing. Such a qualitative
behavior can be expected from Eq. (3) if the effective trap density

FIG. 6. Intensity dependence of the
fast (red) and slow (green) components of the gain factor for gratings (a)
with spacing Λ ¼ 2:7 μm and (b) with
spacing Λ ¼ 7:0 μm.
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Nt becomes larger for stronger recording light. Essentially no
intensity dependence should be seen for large spacings, where
K 2 R2p can be neglected when compared to unity, while significant
intensity dependence should be seen when K 2 R2p approaches and
exceeds unity. This is consistent with our estimates that show
K 2 R2p  1:7 . 1 for grating spacing 2.7 μm and K 2 R2p  0:25 , 1
for grating spacing 7.0 μm.
Returning now to characteristic decay times of the fast and
slow components, the fringe spacing dependences shown for τ f ,s in
Figs. 5(b) and 5(d) are qualitatively different. This reflects the different processes responsible for the build-up of the space charge
and for its partial compensation. The formation of the fast grating
occurs via diffusion of photoexcited charges. The exact expression27
for τ f coincides with that known for a model with only one type of
movable charge26 and contains a characteristic diffusion length and
a Debye screening length [see Eq. (2)].
For large grating spacings Λ (small K ), it follows from Eq. (2)
that the fast decay time is identical to the dielectric relaxation time
τ di , whereas for small Λ (large spatial frequency K), it depends
also on ‘D and Rp . Thus, extrapolating the dependence given in
Fig. 5(b) to a large value of Λ, it is possible to get an estimate for
the dielectric relaxation time τ di  0:7=I s (for I measured in W/
cm2 ) and, from the extrapolation to Λ ! 0, one can estimate the
ratio ‘D =Rp  3:5. This allows a value for the mobility-lifetime
product of μτ ¼ 1:4  106 cm2 /V to be determined for photoexcited positive carriers.
The expression for the slow decay time τ s , derived in Ref. 27 is


1
Nt
1
K 2 Rp 2 :
¼ γH
þ
τs
H0 1 þ K 2 Rp 2

(4)

It predicts a growth in τ s with an increase in grating spacing Λ,
which is in agreement with the experimentally measured dependence in Fig. 5(d). In principle, it also allows one to make a rough
estimate for Nt =H0 . The saturation of τ s in the range of small
spacings would mean, for example, that Nt =H0  1. However,
there is no tendency for saturation of 1=τ s with an increasing K 2 in
Fig. 5(d), which is in agreement with values of Nt and H0 estimated
from the grating spacing dependences of Γf and Γs and a ratio
Nt =H0  0:4.
The direction of energy redistribution in photorefractive crystals depends on the orientation of its polar axis and the sign of
photoexcited charge carriers. By establishing the positive orientation of the z axis from the direction of beam fanning as explained
in Ref. 32 (with a cross-check by measuring piezoelectric response
according to IEEE Standard on Piezoelectricity, ANSI/IEEE, Std
176), we identified the positive sign for the photoexcited movable
charge carriers in our Bridgman-grown sample. Thus, as for all SPS
crystals that we have tested, we find that photoexcited holes are
responsible for space charge formation.
IV. DISCUSSION AND CONCLUSIONS
When moving toward larger wavelengths λ, the general behavior for photorefractive crystals consists of a decreasing gain factor
(because of the diminishing coupling strength πΔn‘=λ even for
constant Δn values) and an increasing characteristic build-up time

J. Appl. Phys. 127, 103103 (2020); doi: 10.1063/1.5143204
Published under license by AIP Publishing.

scitation.org/journal/jap

τ s / τ di (because of the diminishing photoconductivity). This characteristic behavior has been clearly observed in nominally undoped
CVT-grown SPS crystals.17
Comparison of data presented in the present study with that
reported16,17 for CVT-grown nominally undoped SPS shows that,
for the same wavelength 1064 nm of the interacting beams, the
absolute values of gain Γf and relaxation time τ s and their dependences on experimental parameters are roughly the same, even
though the crystals are grown by two different techniques.
However, as distinct from CVT-grown nominally undoped SPS, the
infrared sensitivity is an inherent feature of the present
Bridgman-grown crystal. Specifically, it does not need any special
pre-exposure to white light16 to become IR sensitive. This introduces an obvious advantage for the Bridgman-grown SPS crystals.
In the present study, we report on photorefraction at 1.06 μm wavelength; even better results (higher two-beam coupling gain factor
and smaller grating build-up time) can be expected for shorter
wavelengths around 0.8 μm with the absorption that still remains
below 1 cm1 (see Fig. 1).
By comparing experimentally measured data with predictions
from theory,27 we can make estimates for several of the crystal
parameters:
• free electron density in the conduction band H0 ≃ 2:6  1015 cm3 ;
• effective hole trap density (for the total light intensity  40 W/cm2 )
Nt ≃ 1:1  1015 cm3 ;
• Debye screening radii for positive and negative charge carriers,
respectively, 2πRp ≃ 3:5 μm and 2πRH ≃ 2:2 μm;
• the ratio of the specific photoconductivity to the low frequency
dielectric constant κ=ϵx ϵ0 ¼ 1:4 cm2 /W s;
• mobility-lifetime
product
for
photoexcited
holes
μτ ¼ 1:4  106 cm2 /V; and
• crystal conductivity in the dark σ d ≃ 2:5  1010 Ω1 cm1 .
The parameters listed above justify some particularities in experimental dependences, for example, nearly the same slope of the
intensity dependences of Γf and Γs (see Fig. 6). It follows from
Eq. (3) because the second factor in brackets in the denominator
of the right hand side of this equation (1 þ K 2 RH 2 þ RH 2 =Rp 2 )
is nearly insensitive to the intensity variation of Rp [or, at
least much less sensitive as compared to the other factor,
(1 þ K 2 RH 2 )].
Some comments are also given concerning the estimated value
of the lifetime-mobility product for photoexcited carriers. The
value μτ ¼ 1:4  106 cm2 /V seems to be too big compared to estimates made using the Holographic Time of Flight (HTOF) technique33 for other wide bandgap photorefractive crystals: Bi12 SiO20
(μτ  0:9  107 cm2 /V)33 and for nominally undoped Sn2 P2 S6
(μτ  0:5  108 cm2 /V).34 This considerable difference might be
related to the fact that photorefractive measurements are made with
cw radiation while the HTOF measurements have been conducted
with short laser pulses of (10–20) ps duration. The HTOF
technique characterizes the photoexcited free carriers, maybe even
nonthermalized (“hot”) free carriers. At the same time, the redistribution and retrapping of charges that result in photorefraction
occur at a much longer time scale, in the millisecond range. On
this latter time scale, the photoexcited free carriers are not only
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thermalized, but most probably are already transformed into the
polarons, which have a longer lifetime and smaller mobility.
Another important difference of HTOF technique consists in
band-to-band excitation with 532 nm illumination in the case of
nominally undoped Sn2 P2 S6 ; the reported μτ value might be valid
for photoexcited electrons34 and not for holes as in our experiments.
It should be noted that all estimates given above are made
from a comparison with the theory developed for photorefractive
crystals with only one type of defect centers that can be recharged
by the light recording the photorefractive grating. The EPR results
in Sec. II lead us to focus on three processes that occur in the
crystal during illumination with 1064 nm infrared light and indicate the movement of charges,
þ
þ
e (in VB) þ Vþþ
S þ hν 1064 ! VS þ h (in VB),

(5)

þþ
Vþ
þ electronlike small polaron,
S þ hν 1064 ! VS

(6)

hþ (in VB) þ (Sb-VSn ) ! (Sb-VSn )0 :

(7)

In the first step described by Eq. (5), an electron (e ) is
moved from the valence band (VB) to the doubly ionized sulfur
vacancy (VSþþ ) by the 1064 nm laser light. This leaves a hole (hþ )
in the valence band and converts the doubly ionized sulfur vacancy
to the singly ionized state (VSþ ), which is seen in the EPR spectrum
in Fig. 2(b). When the 1064 nm light remains on the crystal at 24 K
for more than a few seconds, the second step described by Eq. (6)
occurs. An electron (e ) is moved from the singly ionized sulfur
vacancy (VSþ ) to near the conduction band (CB), where it is selftrapped and forms the electron-like small polaron seen in Fig. 2(a).
As described in Eq. (7), the holes produced by the 1064 nm light
during the first step are trapped at complex defects (Sb-VSn ) and
form paramagnetic (Sb-VSn )0 defects.25 There also may be other
defects in the crystal that can trap holes at a low temperature, but
were not seen with EPR. At room temperature, the processes in
Eqs. (5)–(7) are likely occurring during the formation of a grating,
except now all of the photoinduced defects described above are
short-lived. In the bright fringes, the 1064 nm laser light excites
electrons from the valence band to the doubly ionized sulfur vacancies, thus temporarily forming the singly ionized sulfur vacancies.
At the same time, the holes left in the valence band (when the electrons go to the sulfur vacancies) migrate to the dark fringes. This
redistribution of photoexcited holes produces the observed fast
photorefractive grating, in agreement with photorefractive data that
point to holes as the movable charge carriers responsible for the
development of the grating. On the other hand, the fact that the
photoexcited electron-like small polarons disappear even when
heating the sample to only 40 K is in agreement with a purely
thermal excitation of electrons to the CB (and supports the absence
of any intensity dependent contribution to the amplitude of the
slow compensation grating).
The processes described above do not, however, explain in any
simple way the longer lifetimes of gratings produced at room temperature. One or more additional defects appear to be needed, as
the only defects that are known so far to trap holes are not stable
above about 120 K. The situation may be complicated because of
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the presence of intrinsic SPS lattice defects and also because of the
presence of antimony (see Sec. II) that in CVT-grown crystals
inhibits the sensitivity to 1064 nm radiation.18 At present, we can
conclude that sulfur vacancies provide the primary mechanism that
allows infrared photons to generate free holes, and the subsequent
charge redistribution, in Bridgman-grown SPS crystals. The identification of hole trap centers, which are long-living at ambient temperatures, still remains a problem to be solved.
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